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Abstract

Rationale Parenting experiences with caregivers play a key role in neurodevelopment. We recently reported that adolescents
reared by a single-mother (SM) display an anxiety-prone phenotype and drink more alcohol, compared to peers derived from
a biparental (BP) rearing condition.

Objectives To investigate if SM and BP offspring infant mice exhibit differential sensitivity to ethanol-induced locomotor
activity and differential activity patterns in brain areas related to anxiety response. We also analyzed anxiety response and
ethanol-induced anxiolysis in SM and BP adolescents.

Methods Mice reared in SM or BP conditions were assessed for (a) ethanol-induced locomotor activity at infancy, (b) cen-
tral expression of Fos-like proteins (likely represented mostly by FosB, a transcription factor that accumulates after chronic
stimuli exposure and serves as a molecular marker of neural plasticity) and cathecolaminergic activity, and (c) anxiety-like
behavior and ethanol-induced anxiolysis in adolescence.

Results Infant mice were sensitive to the stimulating effects of 2.0 g/kg alcohol, regardless parenting structure. SM mice
exhibited, relative to BP mice, a significantly greater number of Fos-like positive cells in the central amygdala and basolat-
eral amygdala nuclei. Ethanol treatment, but not parenting condition, induced greater activation of dopaminergic neurons in
ventral tegmental area. SM, but not BP, adolescent mice were sensitive to ethanol-induced anxiolysis.

Conclusions These results highlight the complex relationship between parenting experiences and neurodevelopment. The
SM parenting may result in greater neural activation patterns in brain areas associated with anxiety response, potentially
contributing to increased basal anxiety and alcohol sensitivity.

Highlights

Infant mice exhibited ethanol-induced motor stimulation.

Parenting experience leads to a differential activation of amygdaloid nuclei.

Single-mother parenting induced a higher anxiety-like behavioral profile.

Single-mother parenting induced an increased response to ethanol-induced anxiolysis in adolescent mice.
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Introduction

Early attachment to caregivers plays a key role in the neu-
rodevelopment. Generally, females take most of the toll of
the caregiving. However, male parental care is, depending
on cultural and ecological factors (Geary 2000; Lamb and
Lewis 2010), relatively common in certain species. Such
involvement has been linked to long-term physiological
effects on offspring (Lamb and Lewis 2010). In species with
biparental care the father assumes a significant role in rear-
ing the young, and in most of these cases the absence of
the father cannot be compensated by the mother (Gubernick
and Alberts 1987).

C57BL/6J mice do not form selective social bonds
between mates, and the male does not spontaneously pro-
vide alloparental care, as observed in other monogamous
rodent species. In these mice, however, paternal behavior
becomes evident after cohabitation, following mating dur-
ing pregnancy and lactation (Ferreyra et al. 2020). In a
recent study we assessed anxiety-like and risk assessment
behaviors, and ethanol (EtOH) intake, in mice reared under
single-mother (SM) or biparental (BP) conditions. Paren-
tal presence in the nest was significantly greater in the BP
than in the SM condition, and was much less frequent to
find a nest unattended in the BP than in the SM condition.
Furthermore, BP parents displayed significantly more pup-
directed behaviors (i.e., licking and grooming, nest build-
ing, nursing, huddling over the pups) than the mother alone
in the SM condition. Moreover, SM-reared mice exhibited
an anxiety-prone phenotype, and -compared to BP counter-
parts- fewer risk-associated behaviors and greater levels of
ethanol consumption.

These results conflict with those of a pioneer study by
Anacker et al. (2012), who reported a lack of effect of early
life family structure on ethanol drinking, in a monogamous
biparental rodent species (prairie voles). These authors, how-
ever, measured ethanol drinking at adulthood, whereas we
focused on infancy and adolescence, developmental stages
characterized by heightened sensitivity to the reinforcing
effects of ethanol [see (Miranda-Morales et al. 2014; Pau-
tassi et al. 2009) for infants; (Spear 2018) for adolescents)].

The present study scrutinized potential behavioral, phar-
macological, and neurobiological differences emerging
from SM and BP rearing conditions. More in detail, we
assessed, in infant or adolescent C57BL/6J mice, ethanol-
induced locomotor stimulation and anxiolysis, as well as
baseline level of anxiety responses and neuronal activation
in brain areas related to reward and processing of emotional
stimuli (i.e., nucleus accumbens, striatum, amygdala, para-
ventricular hypothalamic nuclei, supraoptic nucleus, pre-
limbic cortex and ventral tegmental area). Ethanol-induced
locomotor activation is a proxy of ethanol-induced positive
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reinforcement (Camarini and Pautassi 2016) and, in infant
or adolescent rats, is sensitive to pharmacological antago-
nism that also disrupts ethanol-induced reinforcement and
drinking (Pautassi et al. 2011). Neuronal activation was
measured via Fos-like protein immunoreactivity. Some of
these proteins, like FosB, accumulate in response to chronic
exposure to natural and drug-related rewards (Wallace et al.
2008). Interestingly, the fosb gene has also been implicated
in maternal behavior (Brown et al. 1996). We also measured
baseline and ethanol induced cathecolaminergic activity
(colocalization of Fos and tyrosine hydroxylase) in ventral
tegmental area (VTA), a key nuclei of the mesorticolimbic
pathway (Koob and Nestler 1997).

Materials and methods
Experimental animals and rearing conditions

In Experiment 1, 59 infant C57BL/6J mice (30 males, 29
females; derived from 8 SM and 8 BP litters) were assessed
for ethanol-induced locomotor activity. Experiment 2
assessed blood ethanol levels (BELs) in 20 infant mice
(males and females) derived from 10 litters (5 SM, 5 BP).
Experiment 3 obtained immunohistochemistry measure-
ments from 5 SM and 5 BP male mice from Experiment 1.
Experiment 4 measured anxiety-like (and ethanol-induced
anxiolysis) behavior of 107 adolescent mice, derived from
16 litters (8 SM and 8 BP).

The mice were born and reared in the vivarium of the
Instituto M. M. Ferreyra (INIMEC-CONICET-Universidad
Nacional de Cordoba, Cérdoba, Argentina). The colony was
maintained at 22+ 1 °C with a 12 h/12 h light/dark cycle
(lights on at 08:00 AM). Animals had ad libitum access to
water and food (Cooperativa irradiated balanced food for
rodents; Capital Federal, Argentina) and were housed in
standard semi-transparent (caramel color) cages for mice
(396 mm length X 215 mm wide X 172 mm height) with corn-
cob used as bedding. The experiments began at 10:00 AM,
and complied with the ARRIVE guidelines, the Guide for
the Care and Use of Laboratory Animals as endorsed by the
NIH/EU. They were also approved by the Institutional Ani-
mal Care and Use Committee at INIMEC-CONICET-UNC.

Mice of the BP condition were derived from couples that
had been living together since mating (postnatal day 60, PD
60). Couples belonging to the SM condition were housed
together at mating and separated at gestational day (GD 18).
This was the first time these mice underwent mating. Day
of birth was denoted as PD 0. Litter size for this strain typi-
cally ranges from 2 to 8 pups. Litters exceeding 8 pups were
culled to 8. Pups were weaned at PD 21 and housed in same-
sex cages. The animals were left undisturbed until testing at
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infancy or adolescence (PD 16 or 28, respectively). Figure 1
presents a schematic timeline detailing animal manipulation
and experiments conducted in this study. No more than one
male and one female from each litter was assigned to each
cell of the design. Animals were habituated to handling
before experiments but no habituation to injections was
conducted.

Measurement of ethanol-induced locomotor activity
and BELs

The mice were assessed on PDs 16-18 and on PD 20. On
PD 16 they were separated from their mothers and placed
in pairs in a holding cage (396 mm length X 215 mm wide
X 172 mm height) lined with corncob bedding. After a
30-minute acclimation period, body weights were regis-
tered and the pups received an intraperitoneal (i.p.) injec-
tion of 0.0-2.0 g/kg ethanol. This is a standard dose for the
analysis of ethanol-induced behavioral stimulation in mice
(Phillips et al. 1994). Locomotor activity was assessed for
5 min after ethanol administration, in a novel environment,
i.e., a circular and white Plexiglas container (240 mm diam-
eter). The floor was divided into sixteen quadrants, and an
experimenter blind to subject treatment counted the number
of entries into the quadrants. An entry was counted if the
mouse introduced its head and forepaws into a quadrant.
The same protocol was repeated at PDs 17, 18 and 20.

In parallel, at PD 16, a separate group of male and female
infant mice were given 2.0 g/kg ethanol (i.p.) and trunk
blood samples were collected at post-administration time
7.5 min. The samples were stored at -80 °C until the deter-
mination of BELs, which was performed via a head-space
gas chromatography [see Pepino et al. (1998) for details on
the protocol]. BELs were expressed as milligrams of etha-
nol per deciliter (mg/dl=mg%).

Immunohistochemical measurement of Fos-like
proteins and Fos/TH levels

Ninety minutes after termination of the ethanol-induced
locomotor activity test, the mice were anesthetized (Chlo-
ral hydrate: 0.001 ml/g of a 30% v/v solution) and perfused
transcardially with 0.9% heparinized saline (10 U/ml) fol-
lowed by 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB; pH 7.4). The brains were removed and left over-
night in PFA and transferred to 30% sucrose for at least
72 h. The protocol followed that described in Wille-Bille
et al. (2017). The 40-um thick coronal brain sections were
incubated free-floating overnight at RT under continuous
agitation, with a polyclonal antibody (1:1000, c-fos K-25,
Santa Cruz Biotechnology, Santa Cruz, CA, USA), diluted
in 0.1 M PB, containing 0.3% Triton X-100 (Sigma Chemi-
cal Co., St. Louis, MO, USA) plus 2% NHS. This antibody
is relatively nonspecific, recognizing several Fos-like pro-
teins. It should be noted, however, that the c-Fos response
tends to habituate to repeated treatments, whereas FosB
shows higher stability, prolonged presence and accumula-
tion with chronic stimulation (Hope et al. 1994; Melia et al.
1994; Nestler 2008). Therefore, it can be assumed that the
Fos-like immunoreactivity observed in this experiment after
repeated treatment is mostly represented by FosB rather
than c-Fos. Western blotting analyses have shown that pro-
teins exhibiting a molecular weight matching FosB can be
identified using this antibody (Perrotti et al. 2004, 2005).
Later, the sections were incubated for 60 min in bioti-
nylated secondary antibody (1:500 Jackson Laboratories,
West Grove, PA, USA) with 0.05% NHS, followed by
another three washes in 0.01 M PB. To visualize the stain-
ing, sections were incubated for 5 min with a solution con-
taining 0.05% 3-3’ diamino-benzidine tetra hydrochloride
(DAB, Sigma Aldrich, St. Louis, MO, USA) with 0.01%

BP and SM Ethanol-induced
Mating Locomotor Activity
GDO Birth PD 16-PD 20 Weaning
%
GD 18 PDO PD 16 PD20 PD21 PD 28
SM Male BEL Fos-like Elevated plus maze
separation measurement IHC Light/Dark box

‘ BEL: 20 infants

Ethanol-induced LMA and IHC: 59 infants

Elevated plus maze and light/dark box tests: 107 adolescents

Fig. 1 Schematic representation of the timeline of experimental pro-
cedures for each experiment. Timeline details the number of animals
employed in each experiment, along with the procedures or manipula-

tions conducted. BP: biparental mating condition; SM: single-mother
condition; GD: gestational day; PD: postnatal day; BEL: blood ethanol
levels; LMA: locomotor activity; IHC: immunohistochemistry
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H,0,+1% ClCo 1.0% + 1% de SO,CINi resulting in a
black Fos-like mark (see Fig. 3). The same protocol was
repeated using an antibody against tyrosine hydroxilase
(TH) (1:1000, Millipore, Billerica, MA, USA). The bodies
of dopaminergic neurons of the mesocorticolimbic circuit
are located in the VTA (Koob and Nestler 1997). It is known
that 60—75% of VTA neurons are dopaminergic, and the rest
are, mostly, GABAergic (Barrot et al. 2012). Therefore, it
can be assumed that TH staining in the present study repre-
sents dopaminergic neurons in VTA. To distinguish the TH
mark from the Fos-like mark, we revealed the sections with
a solution containing 0.05% 3-3” DAB to obtain a brown
staining (Fig. 3). The brain sections were then mounted,
dehydrated and covered with DPX. Brain sections photo-
graphs were obtained with an Axicam Microscope camera
(Zeiis, Germany) connected to a Primo Star iLed micro-
scope. The Fos-like and Fos/TH positive cells were counted
on 0.04 mm?2 squares at 10X, in both hemispheres, using
the software F1JI Is Just Image J (Schindelin et al. 2012).
Data from three sections were selected per animal from each
brain region and averaged for the statistical analysis.

The coronal coordinates of each area analyzed (Paxi-
nos and Franklin 2004) were, from bregma, as follows:
prelimbic cortex (PrL) 1.94 mm; nucleus accumbens shell
(AcbSh) and Core (AcbC) 1.10 mm; dorsomedial (StrD)
and lateral striatum (StrL) 0.98 mm; basolateral (BLA) and
central amygdala (CEA) -1.06 mm; magnocellular (PvnM)
and parvocellular paraventricular hypothalamic nucleus
(PvnP); supraoptic nucleus (SN) -0.82 mm and ventral teg-
mental area (VTA) -3.16 mm.

Elevated plus maze (EPM) test

The maze was constructed from black Plexiglas and con-
sisted of two open (450 mm X 50 mm) and two closed
arms (450 mm length X 50 mm width X 450 mm height)
that extended from a central platform (50 mm X 50 mm)
elevated 500 mm above the floor. The mice were injected
with ethanol (0.0, 0.5, 1.0-2.0 g/kg; 0.015 ml/g, i.p.) and,
five or ten minutes after the administration (see LDB sec-
tion), were placed in the center of the EPM. The following
dependent variables were registered for 5 min: (i) time spent
in and number of entries into the open arms; (ii) stretching
(stretched-attend postures toward the open arm, indicative
of risk assessment and cautious exploration); (iii) total num-
ber of arm entries, which reflects the overall activity level,
and (iv) head dipping (an exploratory behavior accounting
for both activity and reduced anxiety). An entry into an arm
was computed when the mouse crossed into that arm with
all four paws at the same time. We also calculated the aver-
age time (s) spent in each visit to the open arms (i.e., total
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time spent in the open arms divided by the frequency of
entries into those arms).

Light-dark box (LDB) test

The LDB was made of Plexiglas and had a white (245 mm
X 250 mm X 250 mm, 400 Ix illumination) and a black
compartment (175 mm X 250 mm X 250 mm, 0 Ix illumi-
nation). Both areas were connected by an opening at floor
level, allowing free movement between them. For evalua-
tion, each mouse was injected with ethanol (0.0, 0.5, 1.0—
2.0 g/kg; 0.015 ml/g, i.p.) and, five or ten minutes after the
administration, placed in the white compartment. The test
duration was 5 min and we measured the latency to first exit
from white compartment, and the average time per visit to
the white compartment (i.e., total time spent in the white
section of the LDB divided by the frequency of entries into
that section).

Evaluation in the EPM and the LDB was performed at
the same day. Each animal was assigned to be evaluated first
in the EPM or in the LDB in a random manner, so that the
order of evaluation was counterbalanced. After completing
one test, the mice were immediately transferred to the other
test. The counterbalanced measurement helped reduce the
possibility that the order of assessment adversely influenced
the results.

Experimental design and data analysis

Experiment 1 assessed ethanol-induced locomotor stimula-
tion (i.e., entries into quadrants in the OF) via a 2 [rearing
condition (SM, BP)] x 2 [ethanol treatment (0.0, 2.0 g/kg)]
X 2 [sex (male or female)] factorial design. Experiment 2
evaluated BELs through a two-way factorial design [rearing
condition X sex]. In Experiment 3, number of Fos-like posi-
tive cells was analyzed through a rearing condition X etha-
nol treatment factorial. Experiment 4 assessed performance
in the EPM and LDB, and employed a 2 [rearing condition]
X 2 [sex] X 4 [ethanol treatment (0.0, 0.5, 1.0-2.0 g/kg)]
factorial.

The data were analyzed using one-way, factorial or
repeated-measures analysis of variance (ANOVA). More in
detail, the body weights registered prior to the OF tests at
PDs 16, 17, 18 and 20, and the locomotor activity in the OF,
were analyzed via separate three-way repeated-measures
ANOVA. BELs were analyzed through a factorial ANOVA.
Fos immunoreactivity (Fos-ir) at each brain area was ana-
lyzed with a factorial ANOVA. The variables registered in
the EPM and LDB were analyzed through separate factorial
ANOVAs. Least significant difference (LSD) pairwise post
hoc tests analyzed the loci of the significant main effects or
significant interactions yielded by the ANOVAs. The alpha
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level was 0.05. Across analyses, the main effects or inter-
actions that did not achieve statistical significance are not
mentioned in the Results Section.

Results
Open field test and BELs

The ANOVA for body weights indicated that infants signifi-
cantly increased their body weight at PD 20 in comparison
with any other day (F5 ;53 = 94.82, p<.001). This was not
affected by rearing condition, sex or ethanol treatment. The
analysis of motor activity scores revealed significant main
effects of ethanol and days of assessment (F5,=30.58;
F;15,=11.88, p5<0.001). Of particular interest, the interac-
tion between rearing condition, alcohol treatment and days
reached significance (£ 5;=2.82, p<.05). The post-hoc
tests indicated that the ethanol-treated animals exhibited
significantly greater activity than saline-treated counter-
parts. The post-hoc tests revealed that this ethanol-induced
behavioral stimulation was, at PD 18, significantly greater
in BP vs. SM counterparts. These results are in Fig. 2.
BELs at PD 16 were not significantly affected by
rearing conditions or sex. The mice had an average of
246.85+10.19 mg/dl of ethanol in their blood at 7.5 min
post administration time (i.e., halfway through the OF test).

Immunohistochemical measurement
Fos-ir at nucleus accumbens (core and shell), prelimbic cor-

tex, striatum (dorsomedial and lateral), supraoptic nucleus,
paraventricular hypothalamic nucleus (magnocellular and

parvocellular) or ventral tegmental area were not signifi-
cantly affected by sex, rearing condition or ethanol treatment,
nor any interaction between these factors was significant.
The ANOVAs for Fos-ir in BLA and CEA indicated greater
Fos-ir in SM than in BP animals (¥ ;5=5.33 and F'; ;5=5.05,
p<.05, respectively). Furthermore, the ANOVA for Fos/TH
positive cells in VTA yielded a borderline effect of ethanol
treatment (F ;5=4.25, p=.057), with greater neural activa-
tion of dopaminergic neurons after ethanol than after vehi-
cle. Figures 3 and 4 illustrate these patterns.

EPM and LDB tests

Time spent in the open arms of the EPM was significantly
affected by ethanol (F}; 4;=7.42, p<.0001), and there was a
significant interaction between ethanol and rearing condi-
tion (F;9,=2.78, p<.05). The post hoc tests showed sig-
nificantly greater time spent in the open arms in SM mice
treated with 2.0 g/kg ethanol, when compared to most of
the groups (i.e., except vs. BP-1.0, p=.077). This pattern
was similar to that found for the number of entries into the
open arms of the EPM. The analysis of this variable yielded
a significant main effect of ethanol treatment (5 9,=15.18,
p<.0001), whereas the rearing condition X alcohol treat-
ment interaction neared significance (F;g,=2.53, p=.06).
Visual inspection of Fig. 5 suggests that SM adolescents
treated with 2.0 g/kg ethanol visited the open arms more
frequently than the other groups.

The ANOVA for stretching revealed a borderline effect
of ethanol treatment (p =.080). Mice given 2.0 g/kg ethanol
tended to display less stretching than saline-control adoles-
cents. In contrast, head dipping (£ 4;=9.83, p<.0001) and
total arms entries (F54,=2.95, p<.05) were significantly

Fig.2 Locomotor activity (fre- Bi pa rental Si ngle_mother
quency of entries into quadrants 2001
of an open field) of infant mice * mm Ethanol

reared by a single mother (SM)
or by both parents (BP). The
offspring was treated with 2.0 g/
kg Ethanol (EtOH) or vehicle
(Saline) during postnatal days 16,
17, 18 and 20. The asterisk (*)
sign indicates significant differ-
ences between ethanol and saline
treatment, for a given day of test-
ing. The pound (#) sign indicates
significant differences between
BP and SM for ethanol treatment,
at PD18. Vertical bars represent
mean + SEM
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BP-Ethanol

BP—SIine

Fig. 3 Representative photomicrographs (10x) of Fos-like positive
cells, likely represented mostly by FosB, in basolateral amygdala
(BLA) and central amygdala (CEA) or cells expressing both Fos-like
and tyrosine hydroxylase in ventral tegmental area (VTA). The brain
areas were derived of infant mice reared by a single mother (SM) or
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reared by both parents (BP). The offspring was treated with 2.0 g/
kg ethanol or vehicle during postnatal days 16, 17, 18 and 20. White
arrows in VTA photomicrographs indicate cells expressing Fos-like
and tyrosine hydroxylase
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Fig.4 Total number of Fos-like positive cells, likely represented mostly
by FosB, in basolateral amygdala (BLA) and central amygdala (CEA)
or total number of cells expressing both Fos-like and tyrosine hydroxy-
lase (TH), in ventral tegmental area (VTA) of infant mice reared by a
single mother (SM) or by both parents (BP). The offspring was treated

lower in saline-control than in animals given 2.0 g/kg etha-
nol. The analysis for time spent in each visit to the open
arms indicated a significant main effect of ethanol treatment
(F39,=5.57, p<.01).

The ANOVAs for latency to escape from the white com-
partment of the LDB or mean time spent per visit to white
compartment did not reveal significant main effects nor
significant interactions. Nevertheless, visual inspection of
these results (Fig. 6) revealed a pattern similar to that found
in the EPM: SM-adolescents treated with 2.0 g/kg ethanol
spent more time in the white compartment at the beginning
of the test, and spent more time in the white compartment
during each visit.

Discussion

Ethanol induced, in this study, motor stimulation in infant
mice. This finding is consistent with a plethora of data,
mostly coming from studies conducted in rats (Arias et al.
2009a, b, 2010b; Miranda-Morales et al. 2013; Miranda-
Morales and Pautassi 2016; Molina et al. 2007; Pautassi et
al. 2009, 2011), suggesting that sensitivity to the stimulating
effect of ethanol is evident very early in development (i.e.,
around PD10 approximately). New information was that
this ethanol-induced behavioral stimulation [a proxy of the
rewarding effects of the drug, see (Camarini and Pautassi
2016)] was not significantly influenced by distinct parenting
conditions experienced during infancy. Of great importance,
SM mice exhibited increased stimulus-induced Fos-like
activity in the amygdala nuclei; and ethanol-induced anxiol-
ysis in the EPM. The BELSs of the mice were not affected by
the parenting structure, suggesting that differences in etha-
nol sensitivity were not due to pharmacokinetic differences.

CEA

VTA

6 mm Ethanol
= Saline

Number of Fos-like/TH Positive Cells
w
1

SM BP SM

with 2.0 g/kg ethanol or vehicle during postnatal days 16, 17, 18 and
20. The asterisk indicates a significant main difference between rearing
conditions. The data are expressed as the number of Fos-like positive
cells, likely represented mostly by FosB, per 0.04 mm?. Vertical bars
represent the mean + SEM

Our previous study (Ferreyra et al. 2020) demonstrated
distinct behavioral profiles associated with SM and BP par-
enting. There were significant differences in time spent in
the nest and in pup-directed behaviors (i.e., significantly
greater in BP vs. SM). At adolescence these differences
were associated with significantly greater anxiety responses
in SM, than in BP, mice. The present study explored further
potential behavioral and neural differences derived from SM
and BP parenting. Experiment 1 revealed, akin to previous
studies in preweanling rats (Arias et al. 2009b, 2010a), sen-
sitivity to ethanol-induced locomotor stimulation. This is,
to the best of our knowledge, the first study to provide evi-
dence of such effect in infant mice, and at a dose similar to
that inducing behavioral stimulation in adolescent (Melon
and Boehm 2011) or adult mice (Melon and Boehm 2011;
Phillips et al. 1994).

Although many researchers link ethanol-induced loco-
motor to ethanol-induced positive reinforcement (see
Camarini and Pautassi 2016; for a review), other researchers
suggest that ethanol-induced stimulation could reflect anxi-
ety or stress. Studies on adult mice (Pastor et al. 2008) and
infant rats (Arias et al. 2010c) have shown that pharmaco-
logical blockade of CRFR1 signaling inhibits the expression
of psychomotor sensitization and locomotor stimulation to
ethanol, respectively. Both studies suggest the involvement
of CRF/CRF1 and the HPA axis in these ethanol-related
responses.

Many studies reported sensitization or tolerance to eth-
anol-induced motor stimulation (Camarini and Pautassi
2016). Nevertheless, our four-day administration/testing
protocol was not sensitive to detect these phenomena. In
infant rats, Castello et al. (2015) reported sensitization to
ethanol only in young infant males (PDs 8—12), and when
ethanol administration was not made contingent to the
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Fig.5 Behavioral activity in the elevated plus maze, of adolescent mice
reared by a single mother (SM) or by both parents (BP). The offspring
was treated with 0.5, 1.0, 2.0 g/kg Ethanol (EtOH) or vehicle (Saline),
before the test. The upper panel depicts time (s) spent in the open arms
of the maze and frequency of visits to the open arms. The middle panel
describes frequency of stretching and head dipping behaviors and

testing context. Older infants, of an age akin to that tested in
our study, did not exhibit sensitization, but instead showed
tolerance to ethanol-induced motor stimulation (Castello
et al. 2015). Recently we found (preliminary, unpublished
data) ethanol-induced sensitization in adolescent mice (PD
28-40), yet only after 10 days of ethanol administration (not
contingent with testing context). In adolescent and adults
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the lower panel depicts frequency of total entries (to open and closed
arms) and mean time per visit to the open arms (s). The pound sign
indicates a significant difference between the SM-EtOH 2.0 group and
the other groups. The asterisk signs indicate a significant difference
between EtOH 2.0 groups and saline group, regardless rearing condi-
tions. Vertical bars represent the mean + SEM

C57 mice, it is more frequently to observe ethanol-induced
sensitization after 7 or more days of drug administration
(see Camarini and Pautassi 2016 for a review). It is possible
that, in the present study, the shortness of the administra-
tion protocol, and the fact that drug administration was con-
tingent with the testing context, may have interfered with
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Fig.6 Behavioral activity in the
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the possibility of detecting ethanol-induced sensitization or
tolerance.

In Ferreyra et al. (2020), we reported an anxiety-prone
behavioral profile in SM mice, coupled with heightened
ethanol intake. Our hypothesis was that SM-adolescents
would be more sensitive to ethanol’s anxiolytic effects. The
results gathered in Experiment 3 confirmed the hypothesis.
SM adolescents exhibited, compared to BP counterparts,
greater time spent in and frequency of entry into the anxi-
ety-inducing section of the EPM, after the ethanol injection.
A similar profile was observed in the LDB test, although it
was not as pronounced as in the EPM. These results imply
that ethanol drinking in SM mice may serve as a means to

EtOH 0.5 EtOH 1.0 EtOH 2.0

alleviate their elevated baseline anxiety, suggesting nega-
tive reinforcement.

A drawback of the hypothesis is that the ethanol intake
scores in Ferreyra et al. (2020) should have yielded BELs
much lower than those associated with the dose exerting
anxiolytic effects in the EPM or LDB. It is worth noting,
however, that preexisting (high) anxiety levels are key in
the initiation and maintenance of ethanol-drinking [see
Koob (2003), Pandey (2003)]. Moreover, clinical literature
indicates that coping motives (i.e., the so called “drink-
ing-to-cope”) facilitate ethanol intake, particularly among
those that endure stress (Banks 2023), or that have reduced
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distress tolerance or emotion regulation abilities (Norton et
al. 2023).

Preclinical literature has shown that maternal depriva-
tion during the neonatal period (which shares some features
with the SM condition) significantly augments anxiety-
related behaviors, with these effects lingering until adult-
hood (Liu et al. 2000; Plotsky and Meaney 1993; Romeo et
al. 2003). Intriguingly, precocious weaning (i.e., before PD
20-21) augmented anxiety and aggressiveness in mice and
rats (Kanari et al. 2005; Kikusui et al. 2004). These findings
point out that parent—pup interactions are critical for normal
behavioral development. Our results extend this notion to
the field of ethanol sensitivity. Specifically, the results sug-
gest that the parenting structure modulates baseline level of
anxiety which, in turn, affects sensitivity to ethanol-induced
anxiolysis. A difference between this study and Ferreyra et
al. (2020) is that the present study did not yield a signifi-
cant main effect of rearing conditions on anxiety. The length
of testing differed, however, between the studies. In Fer-
reyra et al. (2020), we employed a relatively long (20 min)
assessment in an apparatus (the concentric square field) that,
unlike the EPM or LDB tests, provides non-binary behav-
ioral options (Augustsson and Meyerson 2004; Meyerson
et al. 2006).

Studies on communal rearing in mice have consistently
shown that such experience increases, compared to SM
rearing, maternal licking, grooming, and nursing, and pro-
motes enhanced growth rates (Branchi et al. 2006a; Sayler
and Salmon 1969). Communal rearing in mice has also been
associated with reductions in anxiety- and depressive-like
behaviors and increased social interactions (Branchi et al.
2006a, b). As reported by Ferreyra et al. (2020), the BP off-
spring receive higher rates of parenting behavior, compared
to the SM offspring. Consistent with this, the current results
suggest that BP offspring display, compared to SM peers,
lower anxiety and diminished response to ethanol-induced
anxiolysis.

A limitation of our animal model is that, in the BP con-
dition, dams exhibit receptivity (postpartum estrus) during
certain hours after parturition. During this time, males can
mate with the dam, potentially leading to pregnancy during
the lactation period. This could result in a distinct hormonal
status compared to SM dams, thereby differentially impact-
ing maternal behavior, irrespective of parental structure.
While this confounder cannot be disregarded, it is notewor-
thy that in Ferreyra et al. (2020), we compared maternal
behavior between mothers from both rearing conditions.
Pup-directed behavior, nest-building behavior, and lactation
behavior were similar in SM and BP mothers. Differences
in pup-directed behavior, time spent in the nest, and nest-
building behavior were attributed to the presence of another
adult caring for the litter (the father in this case).

@ Springer

Experiment 2 revealed greater Fos-like accumulation
in the CEA and BLA of SM, compared to BP mice. It has
been shown that chronic exposure to stress (e.g., restraint,
unpredictable foot shock, electroconvulsive seizures) or
drugs (alcohol, cocaine, amphetamine, nicotine, morphine,
and antipsychotics), can lead to regional differences in
FosB levels, a member of Fos-like proteins (McClung et al.
2004). It is important to consider that FosB exhibits unique
stability, allowing for its prolonged presence in the brain
compared to other Fos family proteins (Nestler 2008; Hope
et al. 1994) such as c-Fos, whose response tends to habitu-
ate after repeated treatment (Melia et al. 1994; Hope et al.
1994). Although we assessed Fos-like accumulation in sev-
eral brain regions, only the CEA and BLA exhibited differ-
ences in response to the parenting structure. These results
are consistent with the anxiety-prone phenotype, found in
SM mice. The central, medial, and basolateral nuclei of the
amygdala have been implicated in the regulation of emotion
and anxiety, traits which in turn modulate the emergence
of alcohol use disorders (Koob and Volkow 2010; LeDoux
2000; Pandey et al. 20006).

Furthermore, after four days of ethanol injections SM
mice displayed a pronounced, but not statistically signifi-
cant, increase in Fos-like expression in the CEA and BLA,
compared to their BP counterparts. Other studies have
found a significant increase in Fos-like proteins (FosB)
after repeated ethanol treatment. Ryabinin and Wang (1998)
found, in adult low alcohol-preferring DBA/2J mice, an
ethanol-induced increase in amygdaloid nuclei activation.
They employed four days of administration but the ethanol
dose was much higher (i.e., 4 g/kg) than ours. Other studies,
such as that of Ozburn et al. (2012), have also demonstrated
changes in neuronal plasticity underlying the motivational
aspects of ethanol consumption, yet these researchers mea-
sured FosB levels after 72 days of continuous access to eth-
anol. Our group has also shown that long-term access (six
weeks) to ethanol in adolescence results in drinking escala-
tion and induction of FosB expression in central amygdala
nucleus, capsular and basolateral amygdala, an effect not
found when drinking takes place at adulthood (Wille-Bille
et al. 2017). It seems that not only ethanol dose but, more
importantly, a robust chronic exposure to the drug is a criti-
cal factor in order to observe significant changes in expres-
sion of the FosB protein. In conjunction with this prior
literature, the present study pinpoints specific brain areas in
which the early social environment seems to induce neuro-
plasticity changes that contribute to an anxiogenic profile.

A possible mechanism underlying the present results
may involve brain-derived neurotrophic factor (BDNF).
Previous research by Pandey et al. (2006) demonstrated that
decreased BDNF levels in the CEA and MEA are associated
with anxiety-like behavior and increased alcohol intake. It
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is plausible to suggest, therefore, that the decreased BDNF
levels in the amygdaloid nuclei could have been involved
in the reported anxiety and ethanol-related responses. In
parallel, oxytocin receptor levels have been found to be
elevated in the amygdaloid nuclei of offspring derived from
communal, compared to standard, rearing (Branchi et al.
2013). Accumulating evidence also suggests that oxytocin
can modulate the effects of drugs of abuse in dopaminer-
gic pathways associated with addiction (Peters et al. 2017).
Future studies on these topics should, therefore, focus on
oxytocinergic function.

Conclusions

Our study demonstrates that infant mice are responsive to
the stimulating effects of alcohol, regardless of their par-
enting structure. The parenting experience led to a distinc-
tive activation of amygdaloid nuclei that modulate anxiety
responses during adolescence. Moreover, SM and BP ado-
lescent mice exhibited substantial differences in sensitivity
to ethanol-induced anxiolysis, suggesting a potential inter-
action between parenting structure and the shaping of alco-
hol responses during adolescence.

Traditionally, investigations into the influence of par-
enting on the brain and behavior have focused on adult
outcomes, emphasizing long-term effects of variations in
mother-infant interactions. In contrast, our study contributes
to a growing body of evidence (Ahern et al. 2011; Ahern
and Young 2009; Ferreyra et al. 2020) indicating that the
consequences of parenting can emerge during late infancy
or early adolescence. By focusing on these critical devel-
opmental periods, we shed light on the significance of par-
enting effects. Understanding how these early experiences
impact offspring neurobiology and ethanol responses can
offer valuable insights for the development of interven-
tions and prevention strategies for anxiety and alcohol use
disorders.
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